We explore the influence of the solvent dipole moment on cation− anion interactions and transport in 1-butyl-3-methyl-imidazolium bis-(trifluoromethylsulfonyl), [ ]. Free energy profiles derived from atomistic molecular dynamics (MD) simulations show a correlation of the cation− anion separation and the equilibrium depth of the potential of mean force with the dipole moment of the solvent. Correlations of the ion diffusivity with the dipole moment and the concentration of the solvent were further demonstrated by classical MD simulations. Quasi-elastic neutron scattering experiments with deuterated solvents reveal a complex picture of nanophase separation into the ionic liquid-rich and solvent-rich phases. The experiment corroborates the trend of concentration-and dipole moment-dependent enhancement of ion mobility by the solvent, as suggested by the simulations. Despite the considerable structural complexity of ionic liquid−solvent mixtures, we can rationalize and generalize the trends governing ionic transport in these complex electrolytes. E merging energy storage technologies mandate novel materials of improved capabilities and electrical energy storage mechanisms that increase the performances of electrochemical energy storage devices.
]. Free energy profiles derived from atomistic molecular dynamics (MD) simulations show a correlation of the cation− anion separation and the equilibrium depth of the potential of mean force with the dipole moment of the solvent. Correlations of the ion diffusivity with the dipole moment and the concentration of the solvent were further demonstrated by classical MD simulations. Quasi-elastic neutron scattering experiments with deuterated solvents reveal a complex picture of nanophase separation into the ionic liquid-rich and solvent-rich phases. The experiment corroborates the trend of concentration-and dipole moment-dependent enhancement of ion mobility by the solvent, as suggested by the simulations. Despite the considerable structural complexity of ionic liquid−solvent mixtures, we can rationalize and generalize the trends governing ionic transport in these complex electrolytes. E merging energy storage technologies mandate novel materials of improved capabilities and electrical energy storage mechanisms that increase the performances of electrochemical energy storage devices. 1 Traditional capacitors and electrochemical batteries are not free of limitations. The low energy density of capacitors and low power density of batteries necessitate a different approach to formulate a system that could overcome those limitations. 2 Supercapacitors, 3−5 also called electric double layer capacitors (EDLCs), have shown great potential for storage and release of energy. Intrinsic properties of the electrode materials and electrolytes determine the performance of a supercapacitor. Energy density can be optimized using an electrolyte that withstands a high operational voltage window. 6 Compared to aqueous and organic electrolytes, room-temperature ionic liquids (RTILs), which are also called designer solvents, 7 have attracted much attention as electrolytes in EDLCs 8 because of their large operational voltage window, 6,9,10 high thermal stability, 11 low volatility, 12 and high conductivity, which provide increased device life expectancy. 13−15 However, pure RTILs often exhibit high viscosity, 16 resulting in low conductivity and diffusivity, which adversely affect the charging and discharging rates. 17 Despite these drawbacks, RTILs offer variability in molecular parameters that allows flexible tuning of molecular dimensions, viscosities, mobility, and electrical properties of electrolytes, making energy storage devices based on them functional over variable operating conditions. 18−20 A promising approach to enhance transport properties of ionic liquids is to mix them with a solvent, which improves physicochemical characteristics affecting their bulk and interfacial properties. 21 Aprotic solvents solvate the ions in solution, disrupting the cation−anion interactions and resulting in improved viscosity and conductivity. Here we explore the impact of solvents with different dipole moments on the dynamics of an ionic liquid using neutron scattering and molecular dynamics (MD) simulations. We report dipole moment-dependent molecular interactions of solvents altering the microscopic dynamics of ionic liquids upon solvation. The correlation between the microscopic dynamics of an organic salt and the dipole moment of the solvent provides guidance in designing improved systems for energy applications.
The complex nature of ionic liquids in solutions arises from the presence of various interactions (including hydrogen bonding, ionic, dispersive, polar, dipolar, and π−π). 22 For aprotic solvents, dipole−dipole molecular interactions are often dominant. In this study, we consider the ionic liquid 1-butyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl) Figure S2 . Increasing the concentration of solvent sharply weakens the electrostatic force between the ions, thus increasing the screening and leading to enhancement of the cation diffusivity (Figure 2b) .
Solvent polarity also impacts the conductivity (details in the SI) of the ionic liquid mixture. As the concentration of the ionic liquid in each solvent is gradually increased from zero, the conductivity of the solution increases at first, reaches a maximum, and then starts to drop ( Figure S3 ). This shows that ionic dissociation dominates the conductivity at lower concentrations. At higher concentrations, the viscosity of the ionic liquid becomes more dominant, leading to a decrease in the conductivity. Similar concentration dependence of conductivity has previously been attributed to competition between ionic dissociation and aggregation that leads to ion pair formation. 24 Importantly, we have found a correlation of the measured conductivity with the dipole moment of the solvent.
We next investigated 25 the influence of solvent dipole moment and concentration on the cation dynamics using quasielastic neutron scattering, QENS (details in SI). Solvents were deuterated; therefore, the cation was the only hydrogen-bearing entity in the mixture (see the SI for a sample preparation description). The resulting QENS spectra (Figure 3a) , showing [BMIM + ] diffusivity, become broader in the presence of solvents, especially when plotted as a function of the solvent concentration (Figure 3c ). The increase in quasi-elastic broadening results from enhancement of the diffusion mobility of the hydrogen-bearing cations. The solvent impact is further illustrated by plots of the dynamic susceptibility (Figure 3b,d ) as a function of energy transfer, where the measured QENS spectra are converted to dynamic susceptibility using the Bose occupation factor. The susceptibility plot can visually separate the contribution of different relaxation processes to the overall dynamics of a complex system as distinct peaks. 26 Interestingly, we have observed two distinct peaks in the susceptibility plots. The systematic variation of their relative intensities with the solvent concentration (Figure 3d ) indicates that the low-energy peak originates from the dynamics of the cation in ionic liquid- 
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Letter rich phases, while its high-energy counterpart originates from the dynamics in solvent-rich phases. Thus, distinct peaks in the susceptibility plots indicate nanophase segregation into solventrich and solvent-poor phases with faster and slower diffusivity of cations, respectively.
Two distinct peaks are present in the susceptibility plots for all solvent mixtures (Figure 3b) . It has been shown that neat ionic liquids exhibit some nanoscale heterogeneity 27, 28 due to the presence of an alkyl chain and imidazolium ring within the cation. 29 Introduction of solvents (such as water 30 ) further facilitates the association processes, leading to clear nanophase separation 31 and significantly impacting the physicochemical properties of ionic liquids. 32 At the same time, the presence of two dynamic components even in pure RTILs has been attributed to the long-range and spatially localized diffusion processes. 33−36 To elucidate the relaxation processes associated with phase separation, as evidenced by the susceptibility plots, and to extract the diffusivity of cations in those two phases, a twocomponent fit was used to analyze the QENS data (see the SI for details). From the fit (solid lines in Figure 3a,c) , the halfwidth at half-maximum (hwhm) of the two peaks was extracted. A jump diffusion model fit shown by solid lines in Figure S4 gives the translational diffusivity of the cation in both ionic liquid-rich and solvent-rich phases. The diffusivity shows a clear dependence on the dipole moment ( Figure 4a ) and concentration (Figure 4b ) of the solvent. Greater solvent polarity more effectively screens electrostatic interactions between ions. There is an increase in ion mobility as a function of dipole moment (Figure 4a ) in both ionic liquid-rich and solvent-rich phases. However, the increase is more pronounced in the ionic liquid-rich phase. This can be attributed to progressively increased dissociation of the ion pairs due to a solvent introduced at low concentration (as in the ionic liquidrich phase), which is most effective for the solvent with the higher dipole moment (Figure 1 ). On the other hand, when the concentration of solvent is high (as in the solvent-rich phase), the complete dissociation of ion pairs is already achieved, and the dipole moment of the solvent has little further effect on the cation diffusivity. It should be noted that the QENS experiment measures cation diffusivity in both ionic liquid-rich and solventrich phases (i.e., the latter are not composed of solvents alone). This is evidenced by the fact that the diffusivities of the pure solvents, which we measured for the reference, much exceed the solvent-rich phases diffusivities.
In summary, the increase in diffusivity and conductivity of an ionic liquid in the presence of an aprotic solvent correlates with the dipole moment and concentration of the solvent. Atomistic MD simulations support these diffusivity trends and free energy calculations show that greater solvent polarity decreases the free energy of solvation. QENS experiments reveal that an ionic liquid mixed with solvents undergoes nanophase separation into ionic liquid-rich and solvent-rich phases, with slower and faster cation diffusivity, respectively. Furthermore, QENS experiments corroborate the greater enhancement of ion mobility by the solvent with a higher dipole moment, as suggested by the simulations. A combination of molecular simulation, neutron scattering, and conductivity measurements thus reveals the general principles governing the performance of complex electrolyte mixtures of ionic liquids with aprotic solvents. Importantly, these principles, which take into consideration the solvent dipole moment and concentration, can guide the design of organic salt−solvent systems irrespective of the details of possible structural nanophase segregation.
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